We demonstrate the realization of an electrically-driven integrated source of surface plasmon polaritons. Light-emitting individual single-walled carbon nanotube field effect transistors were fabricated in a plasmonic-ready platform. The devices were operated at ambient condition to act as an electroluminescence source localized near the contacting gold electrodes. We show that photon emission from the semiconducting channel can couple to propagating surface plasmons developing in the electrical terminals. Momentum-space spectroscopy suggests that excited plasmon modes are bound to the metal-glass interface. Our results underline the high degree of compatibility between state-of-the art nano-optoelectronic devices and plasmonic architectures.
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Plasmonics is emerging as an alternative technology to satisfy constrains of miniaturization of optical devices down to sub-wavelength sizes [1] [2] [3] . This on-chip technology utilizes the unique properties of surface plasmon polariton (SPP) to transmit optical and electrical signals through the same metal-based circuitry. A complete plasmonic platform requires the development of elementary building blocks with specific functionalities including routing and modulating SPP, but also on-chip excitation and detection [2, 4, 5] . The vast majority of fabricated plasmonic prototypes rely on an optical excitation of SPPs, typically involving laser sources and macroscopic coupling elements [6, 7] . Despite optimized SPP coupling efficiencies, these external sources can hardly be integrated on the nanoscale and novel routes for in/out connections are needed. An electrical excitation and detection of SPPs offers dramatic advantages over standard coupling schemes. Electrical terminals can be readily integrated offering thus a hybrid technology to interface miniature electronic devices with a plasmonic architecture [8] [9] [10] [11] [12] .
In this context, the unique opto-electronic properties of carbon nanotubes (CNTs) [13] [14] [15] could provide a novel approach towards scaling SPP nano-sources in complex interconnect systems. Electroluminescence (EL) from single-walled nanotubes (SWNTs) can be achieved through different mechanisms, such as impact excitation [14] , recombination of carriers during ambipolar transport [15] , phonon-assisted process [16] , and recombination from thermally populated electronic states [17] . SWNTs feature well-defined electronic resonances in the visible to near-infrared spectral range and sustain extremely high current densities [14, 18] .
Bright, stable and localized infrared emission was observed from individual SWNT field effect transistors (SWNTFETs) demonstrating their usability as nano-scale light sources [14, 15] .
SWNTs could thus offer a new integration route enabling a local plasmon excitation in a circuitry combining both electrical wiring and radiation source in a single unit superseding complex fabrication procedures.
In this article we demonstrate coupling of the radiation emitted by an individual electrically-driven SWNTFET to SPPs developing in waveguide-like electrodes. EL emission from the device is obtained by an impact excitation process under unipolar transport of carriers in the semiconducting channel. Theoretical calculation of SPP propagation length and experimental observation of momentum-space radiation patterns confirm the bound nature of the excited SPP mode.
SWNTFETs were fabricated by standard electron beam lithography and lift off processes 2 on a glass cover slip. Electrical gating was insured by evaporating a 30 nm thick conductive layer of transparent indium tin oxide (ITO). A 250 nm thick layer of SiO 2 was then deposited on the ITO to act as a dielectric spacer. A solution of high pressure carbon monoxide synthesized SWNTs [19, 20] were randomly deposited on the prepared ITO-gated substrate.
Nanotubes were located by scanning electron microscopy (SEM) before lithography of the electrical source and drain contacts. The contacts were formed by depositing 5 nm of Pd followed by 45 nm of Au. Pd was employed to reduce the Schottky barrier for majority carriers in the nanotube [13, 14] while Au was used for its compatibility to simultaneously transport electrons and SPPs. The inset of Fig. 1(a) shows a SEM image of a ∼0.8 µm long SWNTFET. The contrast was saturated to distinguish the nanotube from the electrodes.
Drain was maintained at ground potential. The diameter of the nanotube is ∼0.75 nm as measured with atomic force microscopy. The output characteristics (I DS -V DS ) of the device for several gate bias (V GS ) is presented in Fig. 1(a) . The drain current (I DS ) is increasing with negative gate bias. Figure 1 The ON/OFF ratio of the transistor is ∼50. All the nanotube devices fabricated on glass cover slips (around 50) were behaving like FETs with majority carriers dominated by holes.
Several mechanisms were proposed to explain p-type conduction in SWNTFETs, including adsorption of oxygen [21] , doping introduced during processing of the nanotubes [22] , or Schottky barrier formation at the nanotube-metal contacts [14, 23] . The latter is playing a central role in switching off SWNTFETs by modulating the contact resistance rather than the channel conductance [23] . The origin of p-type conduction in our device is mainly due Pd/Au contacts and operation at ambient condition [13, 14] . SEM during the device fabrication did not show PL emission [20] . The EL (red square) and PL (black circle) spectra are shown together in Fig. 2(b) , and are centered at 995 nm and 982 nm, respectively. The emission correlates with the E 11 excitonic transition of (6, 5) nanotubes. The EL spectra is broadened compared to PL emission probably due to the involvement of various vibrational states excited during electronic transport [17] . A small red shift in the EL may be caused by drain-induced doping [24] .
We hypothesize that an impact excitation process is responsible for EL emission because 4 the emission intensity depends on the application of a bias voltage. In short channel SWNTFETs, the combined electric fields applied between source and drain and between source and gate produce a sufficiently high electric field at the metal-nanotube interface to accelerate the carriers (∼MV/cm estimated from the bias voltage applied to the nanotube channel).
Thus, holes injected into valence band are accelerated towards the drain by the large electrical potential difference. The accelerated holes may produce singlet excitons by impact excitation, which can decay radiatively [14] . Impact excitation requires conserving both energy and momentum. Momentum conservation increases the threshold energy by a factor of 1.5 with respect to the minimum energy necessary for exciton formation [25] . However, this requirement could be relaxed in SWNTs due to interaction with the substrate and exciton band mixing effects reducing the threshold energy close to the exciton energy [26] .
The threshold electric field (F th ) for impact excitation is given by ∼ 1.5E g /eλ ph , where E g and λ ph are the optical band gap and optical phonon scattering length of the SWNT,
respectively. E g deduced from the EL/PL emission is about 1.25 eV. λ ph is approximately 15-20 nm for SWNTs [27] . F th is thus estimated to be 0.9-1.2 MV/cm. The EL emission intensity is depending on the impact excitation rate with an exponent equal to [−F th /F app ], where F app is the effective electric field applied to the metal-nanotube interface [25] . This electric field can be expressed as F app = [γV DS + (V GS − V T )]/λ scr , where γ is the fraction of V DS contributing to the impact excitation rate, λ scr is the screening length that represents the length over which the potential drops within the metal-nanotube junction [28] and V T is the turn-on voltage for the device. Thus, EL emission intensity (S el ) is given by the expression:
The screening length for impact excitation in SWNTFET devices can be expressed as [28] λ scr = ǫ cnt d cnt t ox /ǫ ox , where ǫ cnt and d cnt are the dielectric constant and diameter of the CNT, respectively and ǫ ox and t ox are the dielectric constant and thickness of the oxide layer, respectively. The screening length is estimated to be ∼30 nm by using of ǫ cnt =18 [29] , ∼25 cm 2 V/s for holes are deduced by a straight line fitting of the transfer characteristics with transport equation (Fig. 1(b) ).
To confirm the mechanism of impact excitation responsible for light emission in our devices, we recorded the emission intensity by varying the bias voltages. obvious correspondence between the EL activity and the drain-controlled current running through the transistor and that is well described by Eq. 1 (black curve) with the same value of γ as in Fig. 2(c) . Unlike the mobile EL emission resulting from a recombination of electron-hole pairs in ambipolar transport [15] , the stationary nature of the EL emission and the gate-dependent EL emission intensity in our short channel SWNTFET devices strongly suggest that impact excitation is responsible for light emission. In contrast, phonon-assisted relaxation would lead to two very weak emission bands centered at around 950 nm and 700 nm and can therefore be excluded based on the observed EL spectrum [16] .
We fabricated longer channel SWNTFET with specifically designed electrode geometries 6 ( Fig. 3 (a) ), to demonstrate that the EL emission of the channel can be coupled to running SPPs in the electrical terminals. The device was driven at ∼1 µA drain current continuously for 30 s to acquire EL emission images displayed in Figs. 3 
EL from the device is observed at both source-nanotube and drain-nanotube contacts for V DS =16 V and V GS =-9 V (Fig. 3 (b) ). The emission intensity at the source-nanotube contact increases with gate bias. Interestingly, we observe light emitted from the edge of the source electrode separated from the nanotube by about 2 µm at V GS of -10 V (Fig. 3(c) ).
The intensity of light at the extremity is related to the intensity of the electroluminescent activity at the nanotube contact. Light emitted at the end facet of the electrode is a strong indication supporting the excitation of surface plasmon propagating in the source terminal.
The SPP is developing in the electrode that also serves as a metal waveguide [31] . At the extremity, the SPP is scattered and is partially converted to detectable photons [9, 10, 32] .
EL emission in SWNTs is known to be polarized along the axis of the nanotube [33] . In the device shown in Fig. 3(a) , the nanotube is oriented at 75
• with respect to the source electrode. Thus, there is small component of the electric field oriented along the main axis of the source electrode that can couple to a SPP. The intensity ratio of scattered SPPs to EL is 0.32 in both Fig. 3(c) and Fig. 3(d) . To realize an electrical excitation of SPP in a bias-free electrode, we fabricated a SWNTFET by placing an additional receiving SPP waveguide on top of the nanotube channel. The excitation of SPP in this integrated device was achieved at V DS =10 V and V GS =-5 V. Figure 4(a) shows the EL activity from the device. A strong response at the nanotube contacts is observed again concomitant to a weaker signal appearing at the left edges of the metal leads and of the bias-free waveguide.
This scattered light emitted from the metal pads further confirm that SPPs can be excited with an electroluminescent plasmonic-compatible FET.
To determine the nature of the excited SPP mode, we theoretically calculate for the effective index of the mode and its propagation length for our device geometry and emission wavelength. The dielectric constants for SiO 2 , Ti, Au and air at 980 nm wavelength are ǫ SiO 2 =2.25, ǫ T i = 0.3+i21.5, ǫ Au = -39.9+i2.7, and ǫ air =1, respectively. The effective index and propagation length for a SPP mode at the Au/air interface are estimated at 1.01 and 40 µm respectively. For the Au thickness considered here, this SPP mode would leak part of its energy in the substrate and should be detected as leakages [32] . There is however no evidence of the presence of this leaky mode in the EL images presented in Fig. 3 and The cutoff condition is approximately equal to the free space wavelength of the guided SPP signal [31, 32, 34] . In our configuration the width of the electrodes are below cutoff and the leaky mode is therefore vanishing. The second relevant SPP mode in the present geometry is a bound mode developing at the glass/metal interface. Its effective index and propagation length are 1.56 and 3 µm, respectively. We hypothesize that the SPP excited in the device configuration presented here is the bound mode present at the glass-metal interface. To confirm this assumption, we recorded the momentum-space (Fourier plane image) [32, 35] radiation pattern of the EL emission displayed in Fig. 4(b) . The angular detection is limited by the objective N.A. at 1.49. The critical angle at the glass/air interface is readily recognized (N.A=1.0). There is no indication of a leaky propagating SPP mode in this wave-vector distribution [32] . Instead, most of the light is emitted in a two-lobe pattern symmetric with respect to the reciprocal k x /k o axis. Since the EL intensity at the source and drain contacts are the predominant signals in Fig. 4(b) , the recorded momentum distribution essentially reflects the dipolar-like emission pattern of the nanotube [19] . A maximum of intensity is observed at the outer rim for negative values of k x /k o . These observations are consistent with our original assumption. SPP propagate along the waveguided and are scattered out at the left extremities of the electrodes. Since these edges are located at 1.5 µm to 2 µm from the CNT channel, a distance smaller than the propagation length of the bound SPP mode, a substantial fraction of SPPs is able to reach them. Scattering of the SPP by the sharp terminations is occurring at large wavevectors explaining the rise of intensity near the angular detection limit at -1.49. The mode is probably excited in both directions but, because the right extremities of the electrodes are located more than 6 µm away from the EL emission site, the plasmon looses most of its energy before reaching the edges and remains undetected.
In summary, we have demonstrated the use of a CNT-based opto-electronic device to produce an integrated electrical source of SPPs. Light emission in the devices is generated by a radiative relaxation of excitons formed by impact excitation. EL is partly coupled to bound SPPs that are conjointly transported with the electrical command in the SWN-FET plasmonic-compatible terminals. In our devices, the coupling yield was limited by the relative orientation of the nanotube with respect to the electrode geometry; a limitation that can be addressed by careful designing. The electrodes used in this work only served as receptacles for the SPPs. Additional SPP routing and filtering functions could also be easily implemented by fine structuring the electrodes. Finally, the transfer characteristics of SWNTFETs can be electrically modulated up to the MHz regime. Since the electroluminescent response and the SPP signal directly depend on the biasing condition, the device presented here could also serve to electrically modulate the surface plasmon intensity, a prerequisite to encode optical information in such a platform.
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